The heterostructures of five monolayers B1-Ti x Zr 1−x N(111), x = 1.0, 0.6, 0.4 and 0.0 (where B1 is a NaCl-type structure) with one monolayer of a Si 3 N 4 -like Si 2 N 3 interfacial layer were investigated by means of first-principles quantum molecular dynamics and a structure optimization procedure using the Quantum ESPRESSO code. Slabs consisting of stoichiometric TiN and ZrN and random, as well as segregated, B1-Ti x Zr 1−x N(111) solutions were considered. The calculations of the B1-Ti x Zr 1−x N solid solutions, as well as of the heterostructures, showed that the pseudo-binary TiN-ZrN system exhibits a miscibility gap. The segregated heterostructures in which Zr atoms surround the Si y N z interface were found to be the most stable. For the Zr-rich heterostructures, the total energy of the random solid solution was lower compared to that of the segregated one, whereas for the Ti-rich heterostructures the opposite tendency was observed. Hard and super hard Zr-Ti-Si-N coatings with thicknesses from 2.8 to 3.5 µm were obtained using a vacuum arc source with high frequency stimulation. The samples were annealed in a vacuum and in air at 1200
Introduction
The superhard nanocomposites and nanolayered heterostructures exhibit an enhanced hardness of 40-100 and 35 GPa, respectively, combined with a high thermal stability [1] [2] [3] [4] [5] [6] , which is a little lower for the heterostructures [7] [8] [9] than for the nanocomposites [1] . The large increase of the hardness in the nanocomposites, as compared with TiN (20) (21) , was attributed to the TiN coating of 3-4 nm grain size, which prevents dislocation activity, and to 1 monolayer (ML) interfacial SiN x [10] , which is strengthened by valence charge transfer [11] [12] [13] [14] [15] . The SiN x tissue connecting the grains enhances the strength of the nanocomposites by preventing grain boundary shear ('sliding'). The hardness enhancement in the heterostructures is commonly explained by the Koehler's model [15, 16] .
The 1 ML thick SiN x tissue in the TiN/SiN x nanocomposites with randomly oriented TiN nanocrystals appears amorphous in x-ray diffraction (XRD) and electron diffraction [1, 13] , whereas it is heteroepitaxially stabilized in the heterostructures [4] . The maximum hardness is achieved when the SiN x layer is about 1 ML thick, but the hardness enhancement is lost when the thickness reaches 2 ML (see [1] and references therein) due to the weakening of neighbor Ti-N bonds [11] . The possibility of the formation of the epitaxial interfaces in TiN/SiN heterostructures was discussed in [4, [14] [15] [16] [17] . Both the coherent and incoherent TiN/SiN x interfaces were widely investigated in the frameworks of different first-principles procedures that were summarized in [18] .
Whereas the large-scale industrial application for Ti-AlSi-N and Cr-Al-Si-N nanocomposites as wear-protection coatings for tools was already found [19] , the nanocomposite coatings based on Ti-Zr-N alloys were studied to a lesser extent. The authors showed that the Ti-Zr-N forms in a Ti-Zr-N/SiN y nanocomposite coatings B1-Ti x Zr 1−x N solid solution [3] [4] [5] 20 ] with a maximum nanohardness of about 40 GPa.
Because the investigation of the ternary nanocomposite M1-M2-N/SiN x (where M1 and M2 are transition metals) is in its infancy, in this paper we investigate the Ti x Zr 1−x N/SiN y heterostructures as model systems using first-principles quantum molecular dynamics (QMD) calculations.
Experimental details and computational aspects
The coatings were obtained using vacuum-arc deposition from unit-cast Zr, Zr-Si, Ti-Zr and Zr-Ti-Si targets. The films were deposited in a nitrogen atmosphere. Deposition was carried out using standard vacuum-arc and high-frequency (HF) discharge methods. A bias potential was applied to the substrate from an HF generator, which produced impulses of convergent oscillations with 1 MHz frequency; every impulse duration was 60 µs, and the repetition frequency was about 10 kHz. Due to the HF diode effect, the value of the negative autobias potential occurring in the substrate was increased from 2 to 3 kV at the beginning of the impulse (after the start of the discharger operation). Coatings of 2.8-3.5 µm thickness were deposited onto steel substrates (of 20 and 30 mm diameter and 3-5 mm thickness). The deposition was performed without additional substrate heating. Zr-Ti-Si-N coatings were deposited on polycrystalline steel St.3 (C, 0.3 wt.%; the rest is Fe). The deposition temperature was 150-200
• C and the deposition rate was about 0.1 µm min −1 . Molecular nitrogen was employed as a reaction gas (table 1) . There is a cathode current in A; P N is the pressure of atomic nitrogen in Pa units; U HF is the bias voltage of the HF discharge; and U is the bias voltage under conditions of vacuum-arc discharge.
Annealing was performed over 30 min in air using a furnace SNOL 8.2/1100 (Kharkiv, Ukraine) at temperatures of 300, 500 and 800
• C, and using the vacuum furnace SNVE-1.3, at a pressure of 5 × 10 −4 Pa and temperatures of 300, 500 and 1180
• C. The heating and cooling rates were 10 and 30
• C min −1 , respectively [21] . It is known that Si 3 N 4 is more stable than metal nitrides, which is consistent with their formation enthalpies: [21, 22] . In addition, the crystallization temperature depends on the stoichiometry. For example, when α-Si 3 N 4 /ZrN x = 0.8 (x < 1), the crystallization temperature determined from differential scanning calorimetry (DSC) curves is T cr = 1175
• C [23, 24] . If the amorphous phase is over 50 vol.% in coating then the phase is thermally stable up to 1500
• C for super-stoichiometric ZrN x (x > 1). Therefore, in this paper we chose an annealing temperature of 1180
• C, when ZrN crystallization occurs in accordance with work [25] [26] [27] .
The morphology and surface topography of the coatings were studied using atomic force microscopy (NTEGRA Aura-NT-MDT) and the scanning electron microscope Quanta 200 3D.
Studies of phase compositions and structures were performed using the XRD device DRON-3M under filtered emission Cu-K α , using the secondary beam of a graphite monochromator. Diffraction patterns were taken point-by-point with a scanning step 2 from 0.05
• to 0.1 • . First-principles QMD calculations of the electronic structure were performed using the Quantum-ESPRESSO code [28] for the 8-atom cubic supercells of B1-Ti 4−n Zr n N 4 , n = 0, 1, 2, 3 and 4 random solid solution Ti 1−x Zr x N, and for the 105-atomic hexagonal-like supercells of B1-Ti n Zr 45−n N 45 (111)/Si 6 N 9 , n = 0, 18, 27 and 45, representing the B1-Ti x Zr 1−x N(111)/Si 3 N 4 -like Si 2 N 3 heterostructures. The heterostructures with 1 ML of Si 3 N 4 -like Si 2 N 3 interfacial layer between 5 ML-thick B1-Ti x Zr 1−x N(111), x = 1.0, 0.6, 0.4 and 0.0, slabs were investigated using first-principles QMD with the structure optimization as described in [28] . Several heterostructures with the partially segregated ('ordered') and random arrangement of the atoms within B1-Ti x Zr 1−x N(111) slabs were considered. The 'ordered' structures were composed of the TiN and ZrN slabs. Figures 1  and 2 show the atomic configurations of the heterostructures under consideration. Vanderbilt ultra-soft pseudo-potentials were used to describe the electron-ion interaction [29] . In the Vanderbilt approach [30] , the orbitals are allowed to be as soft as possible in the core regions so that their plane-wave expansion converges rapidly. The semi-core states were treated as valence states. For the titanium and zirconium pseudo-potentials, the nonlinear core-corrections were taken into account [28] . The generalized gradient approximation of Perdew et al [31] was employed to describe the exchange-correlation energy. The criterion of convergence for the total energy was 10 −6 Ryd per formula unit. To speed up the convergence, each eigenvalue was convoluted with a Gaussian with a width of 0.02 Ryd. The cut-off energy for the plane-wave basis was set to 60 and 30 Ryd, for the 8-and 105-atomic unit supercells, respectively. The integration in the Brillouin zone (BZ) was done on special k-points determined according to the Monkhorst-Pack scheme [32] using a mesh (8 8 8) for the 8-atomic supercells and (2 2 2) for the 105-atomic supercells.
The QMD calculations of the initial relaxed heterostructures were carried out at 1130
• C with fixed unit cell parameters and volume (an NVT ensemble, i.e. a constant number of particles-volume-temperature) for ∼2.5 ps.
In all of the QMD calculations, the time step was about 10 −15 s. The temperature (1130-1180 • C) was chosen from the experimental results obtained by the DSC (beginning of ZrN-phase crystallization) at substoichiometric α-Si 3 N 4 /MeN x (Me = metal, x < 1) [22, [26] [27] [28] [29] . The system temperature was kept constant by rescaling the velocity. For the large-scale system calculations, only the point was taken into account in the BZ integration. The variation of the total energy was considered during each QMD time step. During the initial 1-1.5 ps, all structures closely reached their equilibrium state and, at later times, the total energy of the equilibrated structures varied only slightly around the constant equilibrium value with the small amplitude of 0.025 eV atom −1 . After QMD equilibration, the geometry of all heterostructures was optimized by simultaneously relaxing the atomic basis vectors and atomic positions inside the unit cells using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [33] . The relaxation of the atomic coordinates and the unit cell was considered to be complete when the atomic forces were less than 1.0 mRyd au −1 (25.7 meV Å −1 ), the stresses were smaller than 0.05 GPa, and the total energy varied by less than 0.1 mRyd (1.36 meV) during the iterative structural optimization process.
The formation energy of the Ti 1−x Zr x N solid solution (E form ) and of the heterostructures (E hetero ) was determined from equations (1) and (2), respectively, as a function of composition x:
E T is the total energy of Ti 1−x Zr x N solid solutions, stoichiometric TiN and ZrN compounds, and Ti 1−x Zr x N/SiN y , TiN/SiN y and ZrN/SiN y heterostructures. Figure 3 shows the dependence of the lattice parameter a on the concentration of TiN and ZrN for the Ti 1−x Zr x N solid solution.
Results and discussion

Computation results and discussion
The calculated values are slightly higher than the experimental ones by approximately 0.2-0.5%, and display a slight positive deviation from the mixing rule a(x) = xaZrC + (1 − x)aTiC, in agreement with the experiment [5] .
The Gibbs free energy of mixing of Ti 1−x Zr x N, calculated at zero temperature (i.e. formation energy), as a function of composition x, is shown in figure 4 . The formation energy is positive in the entire composition range, which implies that the alloys are metastable, and should decompose into TiN and ZrN with the chemical driving force E Form , in agreement with the theoretical results in [5] . Because the mixing entropy term stabilizes the solid solution, and this stabilization increases with increasing temperature, the positive value of the Gibbs free energy in figure 4 is due to the mixing enthalpy term.
We performed the QMD optimization of the structure of the initial epitaxial heterostructures at zero temperature and at 1130
• C with subsequent variable-cell structural relaxation. The arrangement for all interfaces was found to be preserved, as shown in figures 1 and 2. The structural parameters and the total energies of the computed heterostructures are summarized in tables 2-4. One can see from tables 3 and 4 that, for the same concentration x, the structural parameters figure 1) . weakly depend on the atomic arrangements. The average cell volume for the disordered structures is higher than that of the ordered one. The total energy calculations show that the Ti-Zr-N solid solution, which forms during the deposition, is metastable and should decompose into stoichimetric TiN and ZrN. However, by analogy with other similar systems, such as Ti-Al-N and Cr-AlN, this decomposition is activated and therefore it will occur only at somewhat higher temperature. (Of course, the mixing entropy term will stabilize the random solid solution at high temperatures approaching the melting point, where the destabilizing mixing entropy term will diminish.)
However, in Ti 1−x Zr x N/SiN x heterostructures, the different stability of heterostructures, composed of ordered and random Ti 1−x Zr x N solid solution slabs which terminated with Zr or Ti atoms at the SiN x interface, indicates that the decomposition of the random solid solution can be accelerated at lower temperature. Finally, we would like to emphasize that our estimation of the Ti 1−x Zr x N solid solution stability is based on the comparison of the total energies of different heterostructures. Vibrational and configuration entropies should be taken into account for a more detailed analysis. Below, we show that the nanocomposite Ti-Zr-Si-N coatings exhibit improved mechanical properties compared to those of the nanocomposite coatings based on pure Ti-Zr-N alloys. To understand this phenomenon at the atomic level, we should calculate the stress-shear strain curves for our generated heterostructures. However, these large-scale calculations demand much computational time due to the bed convergence of shear stress. There is another way to clarify the possible origin of the strength enhancement of the nanocomposites based on SiN x . We calculated the stress-tensile strain relations for pure TiN and the 5Ti (TiN(111)/Si 2 N 3 ) heterostructure using the BFGS procedure for the optimization of both the unit cell vectors and atomic coordinates within the unit cell. The stress-tensile strain curves for TiN and T5 structures are shown in figure 5 .
One can see from figure 5 that the formation of the Si 3 N 4 interface in TiN(111) leads to a reduction of ideal tensile strength. The interface formation does not result in strengthening the nanocomposites from a chemical bonding perspective. It follows that the formation of the interfacial Si 3 N 4 -like layer in TiN(111) strongly destabilizes titanium nitride. Based on these results, we can suppose that the observed strength enhancement in the transition metal nitride-Si 3 N 4 -based nanocomposite coatings should be ascribed mostly to the interfaces that play the role of barriers inhibiting dislocation motion. Figure 6 (a) presents the Rutherford backscattering (RBS) results obtained from the Ti-Zr-Si-N coatings, deposited on steel specimens. It is quite evident that the He ion beam energy is insufficient to analyze the film thickness. But Ti and Zr peaks are very well separated, and it is apparent that Ti and Zr concentrations are distributed almost uniformly throughout the coating depth. Figure 6(b) shows the simulation results of the elements' concentration through the layers in the Ti-Zr-Si-N coatings. This figure shows clearly that Ti and N concentrations differ strongly on the surface and just beneath it due to the residual atmosphere in the source chamber. But from a depth of 10 nm, their concentrations become equal ∼45 at.%, while the Si concentration is about 7 at.% and the Zr concentration is only 3 at.%. Figure 7 shows that at concentrations of Ti = 24 at.%, Zr = 30 at.% and N of about 46 at.%, obtained by RBS analysis (using a simulation of the correlation of the elements' concentrations), we observed retention thermal stability of the material up to a temperature of 1200
Experimental results and disscussion
• C (see figure 8 ) [33] . The increase of concentration of Ti and Si elements leads to the formation of three phases: solid solution nc-(Zr, Ti)N, ZrN-nc and α-Si 3 N 4 , as is seen from figure 9 where difractogram of the Zr-Ti-Si-N coatings is shown. 
Mechanical
After It was observed that the maximum hardness ≈40 GPa (see figure 10) , which was increased after annealing in air medium at 500
• C to 55 GPa and was increased to 48 GPa after annealing in a vacuum (see table 5 ). That is, very high values of hardness up to 55 GPa can be obtained (as a result of the finished process of spinodal segregation; orientation amorphous phases at nanograin boundaries of the solid solution (Zr,Ti)N and ZrN with sizes 10-12 and 4-6.5 nm correspondingly) when the heterostructure (nanocomposite) is formed. After annealing at 1180
• C, the grain size of the solid solution increased to 25 nm and the concentration of packing defects increased almost to 15%. Also, we received a small peak (XPS analysis, which will be discussed later) that points to the formation of a small amount of Si-O at 103.9 eV (after annealing in a vacuum at a temperature of 1180
• C for 30 min). Figure 11 (a) shows the film cross-section, which demonstrates that in the course of deposition no cracks were found, which indicates the good quality of the coating. The energy spectrum of ion backscattering measured for Zr-Ti-Si-N samples on the steel substrate is shown in figure 11(b) . Since Zr and Ti concentrations were high, this spectrum could hardly help to determine Si and N background concentrations. Measurements of Si and N concentrations using the RBS spectra gave a higher error than for Zr and Ti. But the Si concentration was not less than 7 at.%, while the nitrogen concentration might reach more than 40 at.% (43%) when the rounding is ±3% (in nitrogen concentration). For these series of samples (with Si 5.8 at.%), we provided an investigation of Si-N x compounds using XPS analysis. It showed a high peak on the 101.9 eV level which points directly to the formation of Si-N x compounds.
The coatings' deposition was carried out at a temperature about 200
• C, but it needed 500-800
• C to complete segregation according to theoretical and practical works. At these temperatures, the process of building SiN x (α-Si 3 N 4 ) can be completed [26] . The evidence of this is the direct experimental results of XPS-analysis in figure 12 . They indicate the formation of SiN x bonds after annealing at 800
• C. Also, we see a small peak corresponding to the formation of a SiO x phase. RBS and scanning electron microscopy (SEM) analysis indicate the formation (growth) of the coating thickness to 2.8 µm (the accuracy of thickness determination is about 1 nm).
Morphology and structure research of the cross-sections of specimens with obtained Ti-Si-N and Ti-Zr-Si-N coatings evidences a clear-cut columnar structure (figure 13), with columns' diameter 10-25 nm and 0.1 µm.
Each grain of 0.1 µm size contains a multitude of subgrains. For this reason, the crystallites are actually smaller than the width of the columnar grains and their grain size is about 60 nm.
These results indicate that the amount of N was essentially high, which allowed it to form nitrides with Zr, Ti or (Zr, Ti)N solid solution. Concentration of Si was low (about 7-8 at.%), but it was enough to form siliconitride phases.
The three-dimensional islands on the films' surface with the columnar structure are the spots where the end faces of individual grains appear on the surface (see figure 13) . The listed mean quadratic roughness of the film surface (R rms ) is obtained with atomic force microscopy. It is evident that the roughness depends both on the chemical composition and the parameters of deposition. The waviness of the coatings is due to the mechanism of growth, i.e. the formation of individual islands on the surface (the Folmer-Weber mechanism). The condition of its implementation is the predominance of the interaction between adjacent atoms compared to the interaction of these atoms and the substrate. The small nuclei in the island formation mode appear straight on the substrate surface and then grow, turning into larger islands of the condensed phase and giving rise to intergrain recesses due to the masking effect, and resulting in a granular structure. Figure 14 shows the surface topography of the Ti-Zr-Si-N coatings.
The XRD measurements revealed that the Ti-Zr-Si-N coating has a uniphase crystalline structure of the solid solution (Zr, Ti)N [34] . Silicon nitride is not observed as a separate phase, apparently due to the significant reduction of silicon in the coating under the arc plasma effect. This occurs because the volume fraction is less than the detection limit of XRD analysis and the Si concentration is not enough to form a ML around (Zr, Ti)N or ZrN (TiN). The structure of the Ti-Si-N and Ti-Zr-Si-N coatings is characterized by a higher level of lattice microdeformations (over 1%) [35] . The larger lattice microdeformations prove that the composition has chemical inhomogeneity in each coating phase. The coatings have a vividly pronounced texture. The condensation compressive stresses in the film of the solid solution (Zr, Ti)N causes textures' formation [36] . The approximate crystallite sizes of (Zr, Ti)N solid solution is L = 25 nm. Information about the hardness H, elastic modulus E, effective Young's modulus E * = E/(1 − ν 2 ), H/E * ratio and H 3 /E * 2 ratio for the obtained coatings is shown in table 6 [24, 25, 37] .
The x-ray structural analytical method (figure 8) was employed to examine the friction paths left by high temperature tests. The surface of the friction paths shows ZrO 2 (8.5 vol.%) and TiO 2 (12.5 vol.%) oxides and TiN (20 vol.%), β-Si 3 N 4 (6.5 vol.%) and (ZrTi)N (52.5 vol.%) nitrides. Unlike in the case of friction at room temperature, the high temperature intensifies oxidation, followed by the reduction of the destroyed oxide films.
Changed diffraction lines were related to increased crystalline sizes (in general) and decreased microdeformation. The formation of three phases in coating Ti-Zr-Si-N with volume fractions of (Zr, Ti)N-nc-57 vol.%, ZrN-nc-35 vol.% and α-Si 3 N 4 7.5 vol.%, as well as the formation of small sized nanograins of 4-6 nm in (Zr, Ti, N) and 10-12 nm in ZrN, leads to increasing nanohardness up to 48-55 GPa-superhardness. Annealing in a vacuum below 500
• C finished the process of spinodal segregation at grain boundaries and interfaces. Annealing stimulated segregation processes and formed a stable modulated coating structure. XRD patterns were taken for the coatings of the Zr-Ti-Si-N system after deposition (figure 9). The relative intensities of the peaks indicate amorphous β-Si 3 N 4 , α-Fe phase crystallites and a metallic sublattice of (Zr, Ti)N solid solution. Figure 15 shows an XRD pattern of volume phases for a nanostructured Zr-Si-N coating with 10-12 nm grain sizes for the nc-Zr x N phase (where nc is a nanocrystalline phase) which are coated by a ML of the α-Si 3 N 4 (amorphous phase).
Analyzing the phase composition of Zr-Ti-Si-N films, we found that a basic crystalline component of the as-deposition state was solid solution (Zr, Ti)N based on a NaCl-type cubic lattice. Table 7 presents XRD data: a lattice period in non-stressed cross-section (a 0 ), value of macrodeformation ε, microdeformation ε and concentration of packing defects α def.pack . The data were obtained both for samples after coating deposition and for those annealed in vacuum and air at various temperatures. Crystallites of the solid (Zr, Ti)N solution underwent compressing elastic macrostresses occurring in a 'film-substrate' system. Compressing stresses, which were present in a plane of growing film, indicated the development of compressing deformation in a crystal lattice, which was identified by a shift of diffraction lines in the process of angular surveys ('sin 2 ψ method') and reached a 2.93% value (table 7) . With an E ≈ 400 GPa characteristic elastic modulus and 0.28 Poisson coefficient, the deformation value corresponded to that occurring under the action of compressing stresses σ c ≈ −8.5 GPa. We should also note that such high stresses characterize nitride films, which were formed under deposition with a high radiation factor. This provides a high adhesion to the base material and the development of compression stresses in the film, which was stiffly bound to the base material due to an 'atomic peening' effect.
Figures 10(a) and (c) present the results of hardness and elastic modulus measurements for the Zr-Ti-Si-N coating using a trihedral Berkovich pyramid. The points at these dependences indicate places where the values of H and E were estimated. Curves 1 and 2 correspond to the different measurements of the same sample. As seen from these dependences, H = 42.7 GPa and E = 390 ± 17 GPa for this Table 7 . Changes of structure and substructure parameters occurring in ion-plasma deposited films of a Zr 35 -Ti 20 -Si 7.5 -N 37.5 system in the course of high-temperature annealing in vacuum and in air.
Parameters of
After T an = 300 Figure 10(c) shows the dependence of indentation depth on the applied load to the indenter. When the radius of the bluntness of the Berkovich pyramid is above 20 µm, the actual values of hardness and elastic modulus can be obtained at a depth from 70 to 150 nm (which is noticeably less than 1/10 of the coating thickness 2.8 µm) [38] [39] [40] [41] . Points at which the measurements were made are labeled N and M. To obtain reliable information (without an oxide layer which was about 15-17 nm at as-deposited coating), the hardness measurement was carried out by an oblique microsection at an angle 7
• .
Conclusions
We performed first-principles investigations of the B1-Ti . However, our experiment shows that during the deposition at relatively low temperature, B1-Ti x Zr 1−x N metastable solid solutions can form. According to our results, the formation of the random B1-Ti x Zr 1−x N solid solution will be preferable for the Zr-rich heterostructures, whereas for the Ti-rich heterostructure, ordered alloys should form. The Zr-Ti-Si-N-based superhard nanostructured coatings of different chemical compositions were deposited under different growth conditions. An analysis of the coatings' properties and structure was carried out. Nanostructured and nanocomposite materials based on Ti-Zr-Si-N, Ti-Zr-N, Ti-Si-N and Ti-N, with concentrations of 5-45 at.% Ti, 2.5-87 at.% Zr and a similar concentration of Si (6-10 at.%), were analyzed. Thus almost all coatings consisted of stoichiometric nitrides, except one series in which the covers were superstoichiometric nitrides ZrN x (x > 1).
It was determined that the size of the nanograins of the solid solution changed from 10 to 12 nm. At the same time, the size of the α-Si 3 N 4 interlayer, which enveloped the (Ti, Zr)N nanograins, ranged from 6 to 8 nm.
The mechanical properties (hardness and elastic modulus) varied depending on the annealing temperature.
